Abstract Purpose: Chromosomal instability (CIN) is believed to have an important role in the pathogenesis of urothelial cancer (UC).The aim of this study was to evaluate whether disturbances of mitotic segregation contribute to CIN in UC, if these processes have any effect on the course of disease, and how deregulation of these mechanisms affects tumor cell growth. Experimental Design: We developed molecular cytogenetic methods to classify mitotic segregation abnormalities in a panel of UC cell lines. Mitotic instabilities were then scored in biopsies from 52 UC patients and compared with the outcome of tumor disease. Finally, UC cells were exposed in vitro to a telomerase inhibitor to assess how this affects mitotic stability and cell proliferation. Results:Three distinct chromosome segregation abnormalities were identified: (a) telomere dysfunction, which triggers structural rearrangements and loss of chromosomes through anaphase bridging; (b) sister chromatid nondisjunction, which generates discrete chromosomal copy number variations; and (c) supernumerary centrosomes, which cause dramatic shifts in chromosome copy number through multipolar cell division. Chromosome segregation errors were already present in preinvasive tumors and a high rate mitotic instability was an independent predictor of poor survival. However, induction of even higher levels of the same segregation abnormalities in UC cells by telomerase inhibition in vitro led to reduced tumor cell proliferation and clonogenic survival. Conclusion: Several distinct chromosome segregation errors contribute to CIN in UC, and the rate of such mitotic errors has a significant effect on the clinical course. Efficient tumor cell proliferation may depend on the tight endogenous control of these processes.
Urothelial cancer (UC) is the fourth most common malignancy among men in the Western world (1) . On average, 70% of UC present as superficial lesions (T a , T 1 , T is ) and the remainder as muscle-invasive disease (T 2 -T 4 ). Apart from tumor grade and stage, there are few known prognostic determinants of UC, and correct risk-stratification remains challenging (2) . Recent studies of UC have shown that cytogenetic heterogeneity, centrosomal amplification, and TP53 mutations are associated with aggressive disease (3, 4) . These features have all been associated with chromosomal instability (CIN). CIN is believed to contribute to carcinogenesis by facilitating the generation of genomic changes, such as amplification of oncogenes and deletion of tumor suppressor genes (5) . However, only recently have the molecular mechanisms behind CIN been investigated. In colorectal cancer, dysfunction of mitotic checkpoint proteins, such as BUB1 and CDC4, is a prerequisite for the generation of genomic abnormalities through CIN (6, 7) . It has also been shown that CIN in colorectal cancer is driven by a spectrum of mitotic segregation abnormalities, including breakage-fusion bridge cycles, failure of cytokinesis, polyploidization, and mitotic multipolarity (8, 9) . These instabilities are often triggered by abnormal telomere shortening, leading to dysfunction of the telosome nucleoprotein complex, chromosomal end fusions, and formation of dicentrics (10, 11) . Although deregulated telomere length has been observed in both preneoplastic and neoplastic urothelial lesions (12) , the mechanisms behind CIN in UC have been little investigated. In the present study, we evaluated to what extent disturbances of mitotic chromosome segregation contribute to CIN in UC and if these processes have any effect on the clinicopathologic tumor phenotype. We also assessed whether deregulation of mitotic instability affects proliferation and clonogenic survival of UC cells.
Materials and Methods
Cell lines and patient material. The cell lines UC1, UC2, and UC5 (HTB-1, HTB-2, and HTB-9) were obtained from the American Type Culture Collection (Manassas, VA), whereas UC3, UC4, and UC6 were established in our laboratory (13) . Cells were grown in 1:1 DMEM:F12 medium (Gibco Life Sciences, Carlsbad, CA) supplemented with 10% serum and antibiotics. Tissue sections from transurethrally resected primary tumors were obtained from a consecutive series of UC patients (14) . Of these, the 57 patients presenting from 2001 to 2004 and for whom tissue sections were available at the Department of Pathology, Lund University Hospital, were selected. Histopathologic staging and grading were reviewed according to the 2002 tumor-node-metastasis and 1999 WHO (15, 16) classification systems. The study was reviewed and approved by the ethics committee of Lund University Hospital. Written informed consent was obtained from all patients.
Classification of mitotic disturbances in cultured cells and biopsies. Anaphase cells showing at least one intact or asymmetrically broken string of chromatin spanning >2/3 of the interpolar distance were classified as harboring anaphase bridges. Metaphase and anaphase cells with chromosome configurations indicating two or more spindle poles were classified as multipolar mitoses. At least 50 anaphase and 100 H&E-stained metaphase cells were analyzed in each case (9) . Cultured skin fibroblasts from two individuals and immortalized epithelial cells from the esophagus from one individual (17) were used as controls. In tissue sections, at least 30 mitotic cells were evaluated in each case. Five tumors (one T 1 G3, one T 2 G3, and three T 3 G3) were excluded from the analysis of mitotic figures because of an insufficient number (<30) of mitoses. The remaining 52 tumors originated from patients with a median age of 71 years, with a median follow-up time of 35 months (range, 1-53 months). Microscopic analysis was done by one of the authors (D.G.) without knowledge of outcome and final histopathologic classification. Prognostic effect was analyzed using the Cox proportional-hazards regression model (18) with events being metastases or death due to UC. To test for significant covariates, Wald's test was used.
Chromosome banding and in situ hybridization. Analysis by chromosome banding, dual-color fluorescence in situ hybridization (FISH), combined binary ratio labeling-FISH, and subtelomeric FISH were as described (19, 20) . TTAGGG repeats were visualized by FISH with fluorescein-conjugated (CCCTAA) 3 peptide nucleic acid probes (21) and the number of signal-negative ends (approximately corresponding to <500 bp of TTAGGG repeats) was scored in at least 10 cells of the lowest ploidy level in each cell line. This approach is known to estimate the protective function of individual telomeres (22) . FISH analyses of anaphase and multipolar metaphase cells were done by capturing at two to four focal depths and fusing image layers in the Cytovision Chromofluour System (Applied Imaging International, Newcastle, United Kingdom). Enrichment of C-anaphase cells in UC4 was by extension of colcemide treatment to 6 h (23). Cell fusion was induced by treatment with polyethylene glycol 6000 for 60 s twice within 48 h (BDH Chemicals Ltd., Poole, United Kingdom), after which the cells were subcultured and allowed to proliferate for 3 weeks. Centrosomes were visualized with monoclonal anti -g-tubulin antibodies (24) .
TP53 mutation analysis and hTERT mRNA quantification. Exons 4 to 9 of TP53 were sequenced on an ABI3700 automatic sequencer (Applied Biosystems, Foster City, CA) using BigDye terminator chemistry (Applied Biosystems). Data analysis was carried out with the SeqScape v2.5 software (Applied Biosystems) and identified mutations were verified by reverse sequencing. All primer sequences are available on request. The expression level of hTERT was measured by real-time PCR with relative quantification. Total RNA extraction and cDNA synthesis using random hexamers were according to standard procedures. TaqMan Universal PCR Master Mix and premade TaqMan Gene Expression Assay for hTERT and for three internal standards (ACTB, HPRT1, and RPLP0) were obtained from Applied Biosystems. The reactions were done on a Real-Time PCR System 7000 (Applied Biosystems). Telomerase activity was semiquantified with the TRAPEZE XL assay (Chemicon Europe Ltd., Chandlers Ford, United Kingdom).
Telomerase inhibition. The MST-312 telomerase inhibitor (Calbiochem/EMD Biosciences, Madison, WI) was diluted in DMSO and used at a noncytotoxic concentration of 1.0 Amol/L (25). To maintain a stable concentration of MST-312, the medium was changed every third day. Cultures exposed only to DMSO were cultured in parallel as controls. Colony formation assay was done by plating 10,000 cells on chamber slides. The rate of population doubling was monitored daily by microscopy and measured by colony formation assay at regular intervals with colonies defined as groups of >10 cells. Apoptosis and necrosis were assessed in 250 cells by the Vybrant Apoptosis Assay according to the manufacturer's instructions (Molecular Probes/ Invitrogen, Carlsbad, CA).
Results and Discussion
Abnormal chromosome segregation in cultured UC cells and in tumor biopsies. To screen for gross mitotic disturbances in UC, dividing cells from six cell lines (UC1-UC6) established from high-grade UCs were analyzed by routine H&E staining (Table 1 ). This revealed two classes of cell division abnormalities [i.e., anaphase bridges ( Fig. 1A and B) and multipolar mitoses (Fig. 1C) ]. Anaphase bridges were present at frequencies from 3% to 10% of all anaphase cells in UC1-UC5 but not in UC6; in nonneoplastic epithelial cells and fibroblasts, the corresponding frequency was <2%. Multipolar mitoses were present in all cell lines, at frequencies of 2% to 10%, whereas none were found in the nonneoplastic control cells. To evaluate whether anaphase bridge and multipolar mitosis were also present in vivo, tissue sections from 52 transurethral UC resections were subjected to a detailed analysis of mitotic Table S1 ). Because cell divisions in normal urothelium are rare, mitoses in morphologically normal crypts of the large intestine were used as controls (<2% anaphase bridge; 0% multipolar mitosis). An elevated frequency of anaphase bridge was found in 44 (85%) UC cases ( Fig. 1D ) in tumors ranging from T a G1 to T 4 G3. Multipolar mitoses were found in 30 (58%) cases in tumors ranging from T a G2 to T 4 G3 (Fig. 1E ). There was a positive correlation A, anaphase cell in UC3 with one intact chromatin bridge. B, anaphase bridge in UC3 in which the chromatids have disconnected from one of the anaphase poles. C, tripolar metaphase cell in UC3. D, anaphase bridge close to a capillary in a biopsy from aT 1 G2 tumor. E, tetrapolar anaphase in a biopsy from aT 3 G3 tumor. F, metaphase spread of a UC5 cell showing signals fromTTAGGG sequences (green) on all chromosome termini. G, metaphase spread from UC3 with severalTTAGGG-negative termini (asterisks). H, anaphase-telophase bridge in UC4, containing chromosome 5 sequences (whole chromosome painting; green). I, anaphase bridge in UC5 flanked by signals for the chromosome 3 centromere (red). J, anaphase cell in UC4, with both poles containing two copies of the chromosome 11centromere (green), whereas one pole contains seven copies and one pole five copies of the chromosome 20 centromere (red). K, C-anaphase cell in UC4 showing one pair of unseparated chromosome 20 sister chromatids (red whole chromosome paint; asterisk), one separated pair of chromosome 20 chromatids (plus sign), and two pairs of separated chromosome11centromeres (green centromeric probe; plus signs). L, tripolar, asymmetrical anaphase cell in UC6 with one centrosome adjacent to each pole (g-tubulinin green fluorescence; cytoplasmin redbackground fluorescence). M, tripolar metaphase cellin UC6 with asymmetrical distributionof the centromeres of chromosome 1 (red) and chromosome 6 (green). N, tripolar anaphase cell in UC6 with asymmetrical segregation of sister chromatids indicated by a 4 + 5 + 7 distribution of chromosome18 (green) and a 2 + 4 + 4 distributionof chromosome11 (red) centromeres. O, a colony containing only cells with four copies of chromosome11 (green centromeric probe) at colony formation assay in UC6. P, single, non^colony-forming cells at colony formation assay in UC6 exhibiting multiple nuclei (top left ; cytoplasm in red background fluorescence), atypical nuclear morphology (top right), and highly asymmetrical multipolar cell division (bottom), all containing multiple copies of the chromosome11centromere (green).
between the frequencies of anaphase bridge and multipolar mitosis (q = 0.74; P < 0.05, Spearman rank correlation). Thus, multipolar mitosis and anaphase bridge were common, often concurrent, mitotic abnormalities in UC both in vitro and in vivo. Anaphase bridges and multipolar mitoses predict poor survival. Both the anaphase bridge and multipolar mitosis frequencies increased in proportion to tumor grade and stage ( Fig. 2A  and B ). During the follow-up period (median, 35 months), 12 of the 52 patients died of disease. Cox proportional hazards regression for survival data using multipolar mitosis and anaphase bridge as covariates showed that the Wald statistic was significant for anaphase bridge (P < 0.01) but not for multipolar mitosis (P = 0.14) due to the fact that anaphase bridge and multipolar mitosis were correlated. If only anaphase bridge was included in the regression, the Wald statistic was highly significant (P < 0.00002; Fig. 2C ), as well as if only multipolar mitosis was included (P < 0.0002; Fig. 2D ). Anaphase bridge and multipolar mitosis were hence both significant explanatory variables for survival. To investigate whether anaphase bridge or multipolar mitosis conveyed additional prognostic information to grade and stage, we did Cox regression on the subgroups of non -muscle-invasive (T a and T 1 ) and muscle-invasive (T 2 -T 4 ) tumors, respectively. This showed that anaphase bridge was a significant prognostic variable in both subgroups (P = 0.023 and P = 0.007, respectively; Fig. 2E and F). Multipolar mitosis was only a significant explanatory variable in the non -muscle-invasive tumors (P = 0.023). To investigate whether the stageindependent prognostic effect of anaphase bridge was due to its close correlation to tumor grade, Cox regression was done on the subgroup of G3 tumors because this was the only grade subgroup with sufficient number of events for analysis. Anaphase bridge was a significant (P < 0.005) explanatory variable using Wald's test also within this group. Using multipolar mitosis as a covariate on the subgroup of G3 tumors further revealed that multipolar mitosis was borderline significant (P < 0.06) using Wald's test. Thus, anaphase bridge and multipolar mitosis could both predict metastatic death.
Telomere shortening is associated with anaphase bridging, chromosome rearrangements, and chromosome loss. Abnormal bars, 95% confidence intervals. *, P < 0.05; **, P < 0.01; ***, P < 0.001;^, nonsignificant.
B, frequencies of multipolar mitoses in tumors of different grades and at different stages, annotated as in (A). C, Cox regression for the explanatory variable anaphase bridge is highly significant (P < 0.00002,Wald statistic). Dotted line, baseline survivor function (anaphase bridge, 0%); solid line, survivor function for anaphase bridge at its mean level (17%); dash-dotted line, survivor function for anaphase bridge (40%). After 30 mo, nearly all patients without anaphase bridges were alive in contrast to the group with top anaphase bridge levels, wherein survival was rare. D, Cox regression for the explanatory variable multipolar mitosis is highly significant (P < 0.0002,Wald statistic). Dotted line, baseline survivor function (multipolar mitosis, 0%); solid line, survivor function for multipolar mitosis at its mean level (2%); dash-dotted line, survivor function for multipolar mitosis (6%). E and F, Cox regression using the variable anaphase bridge in non^muscle-invasive (E ; T a -T 1 ) and muscle invasive (F ; T 2 -T 4 ) tumors, annotated as in (C). telomere shortening is one cause of anaphase bridge, and previous studies have indicated that deregulation of telomere length is a common feature in UC (12) . We therefore addressed the question on whether anaphase bridge in UC was correlated to telomere shortening. It has been well established that the risk of telomere fusion and subsequent initiation of anaphase bridging is not dependent on mean telomere length but rather on the shortest telomere present in the genome (26) . Critically short telomeres (<500 bp) can be identified as signal-negative chromosome ends by FISH detection of telomeric TTAGGG repeats (22, 27) . When FISH detection of telomeric repeats was done on metaphase spreads from the cell lines ( Fig. 1F and G) , this indeed revealed high numbers of signal-negative chromosome ends in the four cell lines with a high frequency of anaphase bridging (UC1-UC4), but not in the cell line without anaphase bridge (UC6) or in fibroblasts and nonneoplastic epithelial cells (<1 negative terminus per cell). One cell line (UC5) showed a borderline status with both the anaphase bridge frequency and the number of TTAGGG-negative ends being slightly elevated compared with nonneoplastic cells. In addition, telomeric fusions were observed in metaphase spreads (10-30% of cells) from all cell lines except UC6. Taken together, this indicated that critical telomere shortening and anaphase bridge were connected phenomena.
To evaluate the genomic consequences of this telomeremediated CIN (T-CIN), UC1-UC5 were subjected to chromosome banding, multicolor karyotyping, and subtelomeric FISH analyses. This revealed complex karyotypes in all cell lines (Supplementary Table S2 ). Of the 25 recurrent breakpoints, 19 were centromeric or telomeric, making these breaks overrepresented (P < 0.001, m 2 test). This is consistent with previous studies showing a strong association between telomere deficiency on one hand and isochromosomes and whole-arm translocations on the other hand (9) . To corroborate the association between T-CIN and the generation of structural chromosome changes, the cell line UC4 was selected for a more detailed study. This cell line had relatively few cytogenetic aberrations, facilitating identification of cytogenetic heterogeneity. Subtelomeric FISH showed that particularly the subtelomeric region of chromosome 5 was involved in structural abnormalities with great variability among different cells (>50% of cells showing nonclonal chromosome 5 changes). FISH on anaphase cells showed that chromosome 5 was, in fact, overrepresented in anaphase bridges in UC4 (50%) compared with control chromosomes (18 and 20; 2% each; P < 0.001, m 2 test; Fig. 1H ). Recent studies have suggested that T-CIN may also result in loss of whole chromosomes (9, 28) . The morphology of anaphase bridge in our panel of cell lines suggested that this could be the case also in UC because f10% to 20% of mitoses with anaphase bridge showed a complete dislocation of the bridge from one of the anaphase poles (Fig. 1B) . To investigate the possible association between anaphase bridge and chromosome loss, the cell line UC5 was selected for further analysis. This line exhibited copy number variation largely limited to chromosome 3, and the copy number distribution of this chromosome in stem line cells showed a Poisson-like distribution, dominated by chromosome losses (Fig. 3A) . Anaphase FISH showed that chromosome 3 was present in >90% of the few bridges found in this cell line (Fig. 1I) . Thus, anaphase bridging could contribute to structural chromosome rearrangements as well as whole-chromosome losses in UC cells.
Nondisjunction leads to copy number variability in polyploid cells. To explore further the mechanisms behind copy number variability in the cell lines, centromere FISH was done for chromosomes that varied in copy number in the initial chromosome banding analysis. To exclude confusing results due to ploidy shifts, the analysis was restricted to metaphase cells exhibiting the stem line chromosome number (>50 cells analyzed). In all but one of the cell lines exhibiting T-CIN, a Poisson-like distribution was the most common pattern, consistent with whole-chromosome losses through anaphase bridge. However, UC4 exhibited a strikingly different pattern. Here, the most variable chromosomes showed a normal-like (Gaussian) distribution, with the proportion of cells having chromosome gains being equal to the proportion of cells having chromosome losses (Fig. 3B) .
To assess whether these copy number distributions were related to the segregation of chromosomes at cell division, FISH was done on anaphase cells in UC4. This showed frequent unequal segregation of sister chromatids for the two chromosomes (8 and 20; >30 cells analyzed) previously shown to exhibit the greatest copy number variability in the dividing cell population by metaphase FISH analysis (Fig. 3C) . The unequal segregation events invariably resulted in gain of one chromosome in one daughter cell, coupled to loss of one chromosome in the other. In contrast, two chromosomes (1 and 16) showing little variability in the dividing cell population rarely underwent unbalanced segregation at anaphase. The frequency of nondisjunction events corresponded perfectly to the proportion of cells showing copy numbers deviating from the modal value by interphase FISH analysis (Figs. 1J and 3C; >250 cells analyzed). Chromosomes 8 and 20 were not observed in anaphase bridges, suggesting that their unbalanced segregation pattern was independent of T-CIN. In UC3, a normal-like distribution of copy numbers was observed for chromosomes 1 and 2 but not for any of the other tested chromosomes. FISH analysis of anaphase cells showed that these two former chromosomes underwent nondisjunction independent of anaphase bridging, although at lower frequencies (2/30 and 1/30 cells, respectively) than those found in UC4. No evidence of similar nondisjunction-related CIN (N-CIN) could be found in any of the other cell lines.
To consolidate that the observed anaphase segregation imbalances were related to the dynamics of sister chromatid separation, C-anaphase cells were produced from UC4 using prolonged spindle inhibition by colcemide. A very low rate of chromatid separation for the chromosome most commonly undergoing nondisjunction (chromosome 20; 2.2% of cells) was observed in C-anaphase cells. This was significantly lower than chromatid separation frequencies for the chromosomes rarely involved in nondisjunction (chromosomes 1, 11, 16, and 18; 10-15% of cells; P < 0.03, m 2 test; Fig. 1K ). Hence, uncoordinated sister chromatid separation at the metaphaseanaphase transition could be one factor behind N-CIN. The stem lines of UC3 and UC4 had considerably higher chromosome numbers than the other cell lines, both being at the tetraploid-pentaploid level. This suggested that polyploidy could also have a role in the establishment of N-CIN.
To pursue this hypothesis, the UC5 cell line, with a relatively low (near-triploid) ploidy level and variability limited to a subclone with loss of chromosome 3, was enriched for polyploid cells through cell fusion by polyethylene glycol and allowed to proliferate for 3 weeks. This resulted in an increased proportion of polyploid cells, particularly hexaploid cells, from 1% to 30% as determined by chromosome counting by diamidine phenyl indole staining (>50 cells analyzed). FISH detection of chromosomes 3 and 4 by centromeric probes after polyethylene glycol treatment revealed no difference in copy number distribution in the remaining triploid population and there were few cells with chromosome gains (0% and 0.9% for chromosomes 3 and 4, respectively; >50 cells analyzed). Anaphase cells at the lowest ploidy level (three to four copies of chromosome 3 and two copies of chromosome 4) did not show any nondisjunction events (>400 cells evaluated by FISH with each centromeric probe). In contrast, the hexaploid population contained metaphase cells with gain of both chromosomes 3 and 4 (6% and 16%, respectively; P < 0.001, m 2 test; >50 cells analyzed). In dividing cells with copy numbers of chromosomes 3 and 4 above the modal values (indicating a hexaploid or higher chromosome number), the same probes showed a dramatically elevated frequency of sister chromatid nondisjunction at anaphase compared with the near-triploid cells (83% and 60% for chromosomes 3 and 4, respectively; P < 0.0001, m 2 test; >50 cells analyzed). These mitotic imbalances occurred in the absence of anaphase bridge and were similar to those observed in UC3 and UC4. A similar effect on sister chromatid separation and copy number variability was not observed in tetraploidized populations of normal fibroblasts from two individuals (>100 anaphase figures and >30 metaphase spreads analyzed). Taken together, these data supported that polyploidy and N-CIN were closely connected.
Mitotic multipolarity through supernumerary centrosomes generates wide copy number variability. Spindle coordination by an excessive number of centrosomes is one possible cause of mitotic multipolarity. Supernumerary (>2) centrosomes were found by immunofluorescence in all UC cell lines (5-10% of cells) and all multipolar cell divisions were coordinated by three or more centrosomes (Fig. 1L ). UC6 had a very high frequency of multipolar mitosis and no anaphase bridge and was therefore selected for a more detailed characterization of centrosome-related CIN (C-CIN). Cytogenetic analysis showed that this cell line had a high number of single (nonclonal) cells, with chromosome numbers deviating strongly from the modal number (29%), compared with UC1-UC5 (1-10%). This suggested that C-CIN generates more dramatic shifts in chromosome number compared with the copy number drifts triggered by T-CIN and N-CIN.
To investigate this, the segregation of the chromosomes having the highest degree of numerical variability in this cell line (chromosomes 1, 6, 11, and 18) was assessed in multipolar metaphase and anaphase cells. The majority of multipolar Research.
on April 19, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from metaphase cells showed a higher copy number of these chromosomes than the stem line cells, indicating that they were actually polyploid ( Fig. 3D and E) . At metaphase, there was no evident order in the organization of the evaluated chromosomes, suggesting that subsequent segregation at anaphase would not occur in a symmetrical fashion (Fig. 1M) . Indeed, all multipolar anaphase cells evaluated showed an asymmetrical distribution of sister chromatids for at least one of the two chromosomes monitored in each hybridization (Fig. 1N) . Copy number profiles constructed from pooled data from 60 multipolar divisions in UC6 showed that the daughter cells of multipolar mitoses had a wide variability in copy number distribution compared with the entire UC6 cell population (Fig. 3F) .
The discordance in copy number profiles between the daughter cells of multipolar mitosis and the majority of UC6 cells indicated that multipolar mitosis rarely contributed to clonal evolution in this cell line. To corroborate this, UC6 cells in single-cell suspension were plated at low density and allowed to form colonies for 3 weeks. Interphase FISH with a centromeric probe for chromosome 11 showed that colonies formed after this time consisted mainly (>90%) of cells with chromosome copy numbers close to those found in the UC6 stem line (F1 chromosome copy; 50 colonies evaluated; Fig. 1O ). Cells with copy numbers deviating >1 copy than the modal value, corresponding to those found in multipolar anaphase daughter cells, were typically single (95%; 100 cells evaluated). Moreover, they were often polyploid and polynucleated (Fig. 1P) . Taken together, these data indicate that multipolar mitoses in UC lead to dramatic shifts in chromosome copy number but that clonogenic survival of the resulting daughter cells is rare.
Telomerase inhibition exaggerates mitotic instability. The telomerase catalytic subunit (hTERT) mRNA was expressed in all UC cell lines in the present study, indicating the presence of active telomerase ribonucleoprotein complexes ( Table 1) . Inhibition of this enzyme efficiently reduces the growth of UC cells in vitro as well as in vivo (29, 30) . The mechanisms behind this negative effect on tumor growth have been little explored. Although it has been suggested that telomerase serves to maintain genomic stability during prolonged tumor cell proliferation, this has not strictly been shown. We therefore chose to investigate whether telomerase inhibition had any effect on chromosome segregation. We exposed cultured cells to the telomerase inhibitor MST-312 at noncytotoxic concentrations (25, 31) . To corroborate the ability of this molecule to inhibit telomerase in our culture system, diploid epithelial cells immortalized by hTERT transfection and expressing hTERT at high levels (f600 Â the level in UC1) were exposed to MST-312 at a noncytotoxic concentration of 1.0 Amol/L. This resulted in a 47% to 66% reduction of telomerase activity in these cells as measured by the telomerase repeat amplification protocol, whereas there was no decrease in hTERT expression levels (f1,500 Â the level in UC1). MST-312 also abrogated immortalization of these cells after 4 weeks in culture, which was reflected by 98% inhibition of colony formation capacity. Similar effects were not observed in telomerase-negative fibroblasts (data not shown). We then exposed UC1-UC6 to MST-312 under identical conditions and the rate of population doubling was measured at intervals of 4 to 7 days by colony formation assay. The cell lines with high rates of T-CIN (UC1-UC4) all showed a marked reduction in proliferation within 11 population doublings (Fig. 4A) , whereas the other two cell lines (UC5 and UC6) were able to undergo >30 population doublings without any evident effect on proliferation (Fig. 4B) . After exposure to MST-312 (7 days after growth inhibition was observed in UC1-UC4 and after 37 days for UC5 and UC6), colony formation assay was done. This showed a clear reduction in clonogenic survival for the UC1-UC4 cell lines (Fig. 4C) . A significant, albeit smaller, reduction in clonogenic survival was also observed for UC5, whereas UC6 and control fibroblasts showed no reduction in survival after MST-312 exposure. After exposure, UC1-UC4 also exhibited multinucleated cells (Fig. 4D ), which were not detected in unexposed cells or in exposed/unexposed UC5 and UC6 cells.
Metaphase FISH detection of telomeric repeats on exposed cells and unexposed control cells at the time of colony formation assay revealed an elevated number of TTAGGGnegative ends in the MST-312 -treated cell lines (Fig. 5A) . This was most dramatic in the cell lines having a high number of TTAGGG-negative ends and high levels of T-CIN already before exposure (UC1-UC4) but was minimal in those having low levels or no T-CIN before exposure (UC5 and UC6). The UC1-UC4 cell lines also showed a dramatic increase in the frequency of telomeric associations, anaphase bridging, and mitotic multipolarity and in the proportion of cells having chromosome numbers deviating from the modal numbers by chromosome banding (Fig. 5B-E) . These effects were less pronounced in UC5 and UC6. UC1-UC4 all showed an increased frequency of apoptotic cells, whereas there were no differences in the levels of necrotic cells before and after exposure ( Fig. 5F and G) . Thus, the cell lines showing growth reduction by the MST-312 telomerase inhibitor also showed exaggerated rates of CIN, manifested as telomere associations, anaphase bridge, and multipolar mitosis. Corresponding mitotic instability was not seen in the other cell lines, indicating a strong connection between mitotic destabilization and growth reduction by telomerase inhibition.
Summary, Perspective, and Shortcomings
A stringent demonstration of CIN requires either the measurement of mutation rates or the establishment of a mechanistic link between ongoing mutation events and the pattern of cytogenetic aberrations (5, 32) . In the present study, we chose the latter approach and showed that at least three types of CIN contribute to chromosome aberrations in UC (i.e., T-CIN, C-CIN, and N-CIN; Supplementary Fig. S1 ). The finding of T-CIN in the majority of the investigated biopsies is consistent with previous findings that telomere length deregulation is a common and early event in urothelial neoplasia (12) . Furthermore, the finding of C-CIN is well in accordance with recent studies showing centrosome amplification in a subset of UC (3, 33) . However, to our knowledge, the present study is the first to show a connection between telomere dysfunction and mitotic multipolarity, on one hand, and the generation of chromosome changes, on the other hand, in UC. It thereby establishes that CIN is present in UC also according to the strict definition of CIN as a dynamic process (5). This study is also the first to show that up to three different mechanisms of mitotic instability may be concurrently active in the same tumor cell population.
T-CIN and C-CIN showed a positive correlation in UC tissue sections. Furthermore, telomerase inhibition by MST-312 induced not only elevated frequencies of TTAGGG-deficient ends but also cell division failure and a significant increase in mitotic multipolarity. Finally, multipolar mitoses were typically polysomic. These data support a model in which anaphase bridges could hamper the cytokinetic process, thereby creating cells with a duplicated number of centrosomes (34 -36) . However, UC6 exhibited a high level of C-CIN in the absence of T-CIN, underscoring that also other factors can be responsible for centrosome amplification (35, 37 -40) . N-CIN has not previously been described and could not be readily explained here. A deficient coordination of chromatid separation was observed for the chromosome most commonly involved in N-CIN. In addition, N-CIN was restricted to the cell lines with highest chromosome numbers. These cell lines also showed inactivating TP53 mutations (Table 1) and N-CIN could be induced in another TP53
À/À UC cell line by polyploidization. This suggests that a high chromosome number in combination with cell cycle checkpoint deficiency is a prerequisite for N-CIN. Notably, a recent study has shown that neither TP53 inactivation nor polyploidization alone is sufficient to trigger chromosome changes in nonneoplastic epithelial cells, whereas a combination of these factors can induce a high frequency of aneuploidy (41) . Recent studies of UC have suggested that several factors associated with CIN, such as aneuploidy, centrosomal amplification, and TP53 mutations, correlate to aggressive disease (3, 4) . However, whether the clinical course actually correlates to cell division abnormalities has not previously been investigated. In the present study, anaphase bridge was an independent prognostic factor, whereas multipolar mitosis correlated closer to grade and stage. The number of patients in the present study was small and the follow-up time short. Undoubtedly, larger and, preferably, prospective studies are required to evaluate conclusively the prognostic potential of mitotic instability. Regardless of whether anaphase bridge or multipolar mitosis confers independent prognostic information, their close correlation to grade and stage indicates that mitotic instability correlates strongly to an aggressive phenotype. It has been suggested that CIN promotes tumor development by facilitating clonal evolution through the rapid accumulation of chromosome changes (5) . Our in vitro studies showed that T-CIN and N-CIN generated daughter cells that remained within the clonogenic stem line. In contrast, the daughter cells of multipolar mitosis had highly variable chromosome complements and were rarely clonogenic. This indicates that C-CIN has a smaller role in clonal evolution than T-CIN and N-CIN. Studies in colorectal cancer have suggested that the daughter cells of multipolar mitosis are rarely clonogenic because they often exhibit a high degree of aneuploidy, including nullisomy for certain chromosomes (9) . C-CIN may therefore be a marker of disrupted mitotic regulation rather than a true pathogenetic process.
Growth reduction of UC cells under telomerase inhibition was accompanied by exaggerated levels of TTAGGG-negative telomeres, telomeric fusions, anaphase bridging, mitotic multipolarity, and multinucleated cells. The rapid response to telomerase inhibition in UC1-UC4, which have high levels of T-CIN, compared with UC5 and UC6, which have little and no T-CIN, is consistent with previous studies showing that the time required for response to telomere inhibition is inversely correlated to the telomere lengths in target cells (42, 43) . The dose-response relationship between telomerase inhibition and mitotic instability is expected to be complex because telomere length changes during the time of inhibition. Further studies are needed to evaluate whether the mode of CIN present in a tumor may actually determine its response to telomerase inhibition. Nevertheless, the present study suggests that an important role of telomerase in cancer cells is to maintain mitotic instability at moderate rates, allowing clonal evolution but not excessively hampering mitotic proliferation. Conversely, inhibiting this enzyme in neoplastic may selectively inhibit tumor cell growth by disrupting this balance.
